Edwardsiella (E.) ictaluri is a major bacterial pathogen that affects commercially farmed striped catfish (Pangasius hypothalamus) in Vietnam. In a previous study, 19 strains of E. ictaluri collected from striped catfish were biochemically identified with an API-20E system. Here, the same 19 strains were used to assess the ability of matrix-assisted laser desorption ionization-time of flight mass spectrometry (MALDI-TOF MS; applied using a MALDI Biotyper) to conduct rapid, easy and accurate identification of E. ictaluri. MALDI-TOF MS could directly detect the specific peptide patterns of cultured E. ictaluri colonies with high (＞ 2.0, indicating species-level identification) scores. MALDI Biotyper 3.0 software revealed that all of the strains examined in this study possessed highly similar peptide peak patterns. In addition, electrophoresis (SDS-PAGE) and subsequent immuno-blotting using a specific chicken antibody (IgY) against E. ictaluri revealed that the isolates had highly similar protein profiles and antigenic banding profiles. The results of this study suggest that E. ictaluri isolated from striped catfish in Vietnam have homologous protein compositions. This is important, because it indicates that MALDI-TOF MS analysis could potentially outperform the conventional methods of identifying E. ictaluri.
Introduction
The striped catfish (Pangasius hypophthalmus) is one of the most important cultured fish species in Vietnam [4] . Emerging evidence suggests that bacillary necrosis of Pangasianodon (BNP), which is caused by Edwardsiella (E.) ictaluri, is responsible for severe economic losses, especially in fingerlings and juvenile stripped catfish [3, 4] . Intensive rearing of striped catfish in the Mekong Delta might have led to increased outbreaks of BNP observed in recent decades. The major pathological signs of E. ictaluri infection include multifocal irregular white nodules of varying sizes on the liver, spleen and kidney of the striped catfish. Moreover, the disease is characterized by a high mortality rate [7] .
E. ictaluri is also a well-known bacterial pathogen responsible for enteric septicemia of channel catfish (Ictalurus punctatus) in the United States [8, 9] . A previous study compared E. ictaluri isolates from striped catfish of Vietnam with those from channel catfish of the United States [16] . The study revealed that the isolates possessed biochemically similar characteristics, as they were both fermentative in glucose oxidation/fermentation (O/F) medium, catalase positive and oxidase negative upon analysis using the API 20E system (Vitek 2; bioMérieux, France), and showed homologous fingerprinting patterns in genetic analyses using repetitive sequence-based polymerase chain reaction (rep-PCR) [16] .
In an effort to control and prevent outbreaks of BNP, researchers have attempted to develop rapid techniques for identifying E. ictaluri infection. PCR-based methods have been designed to rapidly detect pathogenic bacteria in fish [17] , and evidence suggests that multiplex PCR could be useful for simultaneous detection of major bacterial fish pathogens, such as Flavobacterium columnare, E. ictaluri, and Aeromonas hydrophila [14] . In addition, an ELISA-based technique was developed to detect and quantify E. ictaluri in sub-clinically infected channel catfish, and the results were found to be comparable to those obtained from conventional bacterial culturing methods [5] .
Recently, matrix-assisted laser desorption ionization-time of flight mass spectrometry (MALDI-TOF MS) was introduced as a method for rapidly identifying bacterial strains isolated from clinical samples [2] . This method uses various algorithms to compare the spectral fingerprint of an unknown isolate with a database of reference spectra, regardless of small betweencolony and culture-condition-related differences [11] . Here, we assessed the use of a MALDI-TOF MS system (MALDI Biotyper; Bruker Daltonik, Germany) as a rapid, reliable and accurate means for identifying E. ictaluri strains isolated from striped catfish of Vietnam.
Materials and Methods

Bacteria
Nineteen E. ictaluri strains isolated from striped catfish in Vietnam's Mekong Delta and reference strain ATCC33202 isolated from channel catfish were examined in this study [16] . All strains were cultured in brain heart infusion broth (Becton, Dickinson and Company, USA) or trypticase soy agar (Becton, Dickinson and Company) supplemented with 5% sheep blood (Thermo Scientific, USA) for 48 h at 28 o C. Biochemical methods were used to confirm the identification of E. ictaluri, including Gram staining, cytochrome oxidase assays, catalase assays, glucose fermentation assays, glucose motility dips and analysis on an API 20E system (bioMérieux), as previously described [16] .
Protein extraction for the MALDI Biotyper
E. ictaluri colonies were suspended in 300 L of distilled water and mixed with 900 L of absolute ethanol. After vortexing, the samples were centrifuged at 16,000 × g for 2 min, and the supernatant was decanted. The pellets were then resuspended in 500 L of distilled water and centrifuged at 16,000 × g for 2 min. The supernatant was removed, mixed with 50 L of absolute acetonitrile and 50 L of 70% formic acid, and vortexed for 2 min. The sample was then centrifuged as described above, and 1 L of the supernatant was targeted onto an MSP (main spectra library) 96-target polished steel plate (Bruker Daltonik). Next, the sample was dried, and 1 L of -cyano-4-hydroxycinnamic acid matrix solution (saturated solution of -cyano-4-hydroxycinnamic acid in 50% acetonitrile and 2.5% trifluoroacetic acid) was added to the sample and allowed to crystalize.
MALDI Biotyper analysis
Mass spectra were acquired using a microflex LT mass spectrometer (Bruker Daltonik) managed by the flexControl software (ver. 3.0; Bruker Daltonik). Positive ions were extruded with an accelerating voltage of 20 kV, and spectra were analyzed within mass/charge (m/z) ratios of 2,000 to 20,000 in positive linear mode. Each spectrum was calibrated with respect to a bacterial test standard (255343; Bruker Daltonik). The acquired data were measured and analyzed with the MALDI Biotyper 3.0 system, using the Bruker database. A logarithmic score of 0 to 3.0 was assigned according to spectral peak matching patterns and the acquired score means as follows: a score of 0 to 1.699 indicated no reliable identification; a score of 1.700 to 1.999 indicated probable genus-level identification; a score of 2.000 to 2.299 indicated secure genuslevel identification and probable species-level identification; and a score of 2.300 to 3.000 indicated highly probable species-level identification.
Production of chicken anti-E. ictaluri IgY
Edwardsiella ictaluri 258 (a representative strain) isolated from striped catfish in Vietnam was grown in tryptic soy broth (TSB) for 48 h, inactivated with 1% formalin for 24 h at 4 o C, centrifuged at 7,500 × g for 20 min, washed three times with sterile phosphate-buffered saline (PBS) [3 mM KCl, 137 mM NaCl, 1.5 mM KH 2 PO 4 and 8 mM Na 2 HPO 4 (pH 7.
2)] and resuspended in PBS. Chickens were the immunized as previously described, with some modifications [10] . Initially, 1.0 × 10 8 colony-forming units (CFU)/mL of formalin-killed 258 strain emulsified with an equal volume of Freund's Complete Adjuvant (Sigma, USA) were immunized. The chickens were then immunized with 1.0 × 10 8 CFU/mL of formalin-killed 258 strain emulsified with Freund's incomplete adjuvant three times at intervals of 2 weeks. One week after the last immunization, chicken eggs were collected, and chicken IgY was purified from the eggs using an EGGstract IgY Purification System (Promega, USA) according to the manufacturer's instructions. The purified IgY pellet was resuspended in PBS and stored at −20 o C until use.
Agglutination test
Each of the studied E. ictaluri strains was grown in TSB for 48 h, inactivated with 1% formalin for 24 h at 4 o C, centrifuged at 7,500 × g for 20 min, washed three times with PBS and resuspended to 1.0 × 10 9 CFU/mL in PBS. The above-described chicken anti-E. ictaluri IgY was diluted serially two-fold in PBS, from 1 : 2 to 1 : 16,384, and 50 L of each dilution was transferred to wells of a U-bottomed 96-well microplate. An equal volume of formalin-killed E. ictaluri was added, and the plate was incubated overnight at 4 o C. The last dilution that induced agglutination was recorded. Each individual strain was tested in triplicate. The resolved proteins were blotted to polyvinylidenedifluoride membranes at 70 V for 70 min. Next, the membranes were soaked in 100% methanol for 20 sec, dried at room temperature (RT), blocked with 5% (w/v) skim milk in PBS-T [3 mM KCl, 137 mM NaCl, 1.5 mM KH 2 PO 4 , 8 mM Na 2 HPO 4 (pH 7.2), and 0.05% (v/v) Tween-20] for 60 min at RT, washed three times with PBS-T, and incubated with anti-E. ictaluri chicken IgY (1 : 50,000) for 60 min at RT. After three washes with PBS-T, the membranes were incubated with rabbit anti-chicken IgG-HRP (1 : 20,000; Cappel Biologicals, USA) for 90 min at RT. After three washes with PBS-T (15 min each), the membrane was developed with an enhanced chemiluminescence kit (GE Healthcare Life Science, USA) and used to expose an X-ray film.
Results
Identification of E. ictaluri strains by MALDI-TOF MS
Nineteen previously characterized E. ictaluri strains and reference strain ATCC33202 were analyzed by MALDI-TOF MS, and the obtained spectra were compared with those in the Bruker database. All of the examined strains were identified as E. ictaluri at the species level. Specifically, 65% (13/20) were identified with log scores ＞ 2.3, while 35% (7/20) had log scores between 2.0 and 2.3. No strain showed a log score < 2.0 (Table 1) . It took less than 60 min from initial sample preparation to obtain the identification results. Importantly, while the mass intensities were diverse, most of the peak patterns were quite similar among the striped catfish isolates and ATCC33202 (e.g., peaks at 2658, 5321, 6259, 9281, 9465 and 11,542 Da) (Fig. 1) . 
Production of chicken IgY against E. ictaluri
Specific chicken IgY was produced using E. ictaluri strain 258 and used as a recognition agent for serological agglutination tests. The agglutination assay exhibited a sensitivity of 79% for identifying E. ictaluri isolates at a 1 : 1,024 sample dilution, and 100% positive reactions were achieved with a 1 : 256 dilution (Table 2) . Strain ATCC33202 was also agglutinated with chicken IgY (1 : 4,096 sample *The score value is the common logarithm of the result obtained from MALDI-TOF analysis. The maximum obtainable score is 3 (log1000).
dilution).
SDS-PAGE and immunoblot profiling of E. ictaluri SDS-PAGE was used to evaluate the between-strain diversity of the protein profiles. Coomassie Brilliant Blue R-250 staining demonstrated that the resolved protein bands were quite similar in molecular weight at 17-62 kDa, except for 23 kDa, for which some isolates possessed high or low intensity. There were no distinguishable bands < 17 kDa (panel A in Fig. 2) .
Subsequent immunoblot assays were conducted with the chicken IgY, which successfully recognized the resolved E. ictaluri proteins. The antigenic profiles of E. ictaluri lysates were very similar to one another in the molecular masses of their antigenic bands (e.g., at 62, 55, 40, 25 and 17 kDa). There was no significant between-lysate differences in band intensity (panel B in Fig. 2) .
Discussion
E. ictaluri infection in striped catfish is a major concern in the fresh-water culture industry of Vietnam [4] . To remedy the severe economic losses sustained by this important fish stock, effective diagnostic methods for E. ictaluri infection have been developed based on genomic and proteomic techniques that specifically detect genetic loci and antigens of E. ictaluri [14, 17] . Despite their specificity, these methods are time consuming. Recent publications on various pathogenic bacteria have suggested that MALDI-TOF MS could be a high-throughput screening method that could allow simultaneous identification of a number of bacteria within one hour [2, 11] . Here, all of the E. ictaluri isolates from striped catfish were successfully identified with a high degree of confidence using a MALDI Biotyper. Thus, the present study indicates that MALDI-TOF MS could be a versatile technology for detecting E. ictaluri based on the conserved characteristics of its proteomic composition.
In general, two types of sample preparation methods are recommended when using a MALDI Biotyper to acquire bacteria-specific mass peak patterns [2, 6] . The first is the direct sample preparation method, in which colonies are obtained from fresh cultured agar plates and applied directly onto the target plate, while the second is the extraction method, which was applied in this study. Both procedures are quick and simple, and were thus carefully compared for their ability to obtain high-quality and reproducible results. Our results revealed that the direct sample preparation method produced lower scores than the extraction method (data not shown), with 20% of the isolates (4/20) yielding scores < 2.0, meaning that they could only be identified to the genus level. A previous study using bacteria routinely isolated from a hospital setting demonstrated that the extraction method yielded valid identification scores 25% more often than the direct sample preparation method [2] . Thus, it appears that, despite the simplicity of the direct preparation method, the extraction method is preferable for the generation of higher scores and prevention of false negative identifications.
Notably, increasing evidence suggests that MALDI-TOF MS does not guarantee accurate species-level identification for some bacteria. Acinetobacter nosocomialis, which is closely related to members of the Acinetobacter baumannii group, was not identified using the MALDI Biotyper approach because the Bruker database system did not contain the necessary spectral information [6] . Furthermore, pathogenic Mycobacterium (M.) marinum strains isolated from marine fish were not successfully identified, even though the Bruker database included reference information regarding M. marinum [11] . In the present study, the examined strains were successfully identified as E. ictaluri, with high scores (2.04-2.429) obtained against the Bruker database. Peak analysis of spectra obtained from the 19 tested strains of E. ictaluri and ATCC33202 revealed high similarities among many of their peaks, such as those found at 2658, 5321, 6259, 9281, 9465 and 11,542 Da. This conserved species-specific protein signature may contribute to the ability of MALDI-TOF MS to successfully identify E. ictaluri.
The results of our SDS-PAGE analysis and Western blot assays using specific chicken IgY were highly consistent with the MALDI-TOF MS-based findings of spectral consistency among E. ictaluri isolates. SDS-PAGE indicated that the 20 strains of E. ictaluri (including ATCC33202) comprised a homologous protein group that shared at least 10 similar protein bands with molecular weights of 17-62 kDa. The Western blot assay revealed consistent bands at approximately 62, 55, 40, 25 and 17 kDa in all 20 E. ictaluri strains, as recognized by chicken IgY. Moreover, the IgY was agglutinated by all strains of E. ictaluri at a 1 : 256 dilution. Our results are consistent with early reports indicating that the various isolates of E. ictaluri yielded homogenous results for proteomic and serological analyses, such as SDS-PAGE, Western blotting and agglutination assays [1, 13, 15] . These observations provide further evidence indicating that the proteins comprising E. ictaluri are homogenous, making this pathogen a good candidate for MALDI-TOF MS-based identification.
In conclusion, we demonstrated that MADLI-TOF MS could be a valuable tool for identifying E. ictaluri from field samples. The 20 strains tested herein (19 strains isolated from striped catfish, plus the reference strain) all exhibited highly homogenous proteomic compositions, as assessed by MADLI-TOF MSbased peak analysis and the examination of protein band patterns obtained upon SDS-PAGE and Western blot analysis. The MALDI-TOF MS-based method is simpler and easier than currently utilized genomic approaches (e.g., PCR and sequencing), and might therefore facilitate laboratory diagnosis of E. ictaluri infections in the aquaculture industry.
